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IMPUCATION5 

JUDAH FOLKMAK, M.D. 

THE xrawth of solid neoplasms is always auom- 
paniod by neovascularization. This new capil- 
lary grotyth j« even more vigorous and continuous 
than a similar outgrowth of capillar}' sprouts 
observed In fresh wounds or in Inflammation.' 
Many workers have described the association be- 
tween growing solid malignant tumois and new 
vessel growth .M However, it has not been appre- 
ciated until the past few years that the population 
of tiimor cells and the population of capillar}- en- 
dothelial cells within a neoplasm may constitute a 
highly integrated eco.system. In this ecosvittem the 
mitotic index of the two cell populations may de- 
pend upon each other. Tumor cells appear to stimu- 
late endotheiial-cell proliferation, and endothelial 
cells may have an indirect effect over the rate of 
Uimor growth. 

Tumor Celu SriMutATtNC Endotheual Cells 

L'niike a skin graft, which sends out capillarx 
sprouts to join (hose that are advancing from the 
ret^pien*. solid tumor implants must elicit all new 
vessels from the host. Time-lapse movies of the 
hamster cheek pouch show the rapid march of capil- 
lary sprouts toward a newl>- Implanted ftimor nod- 

From ikf DepwUMfH of Sunny. ChlMrw i Hottixd M»d(es( Cen- 
itr tad Hirvwd Wcdinl Sctaol. BoHon. Msiuchauiii 03t 15. 

Sowwwd by a irtM (3 ftOI CAMt»>.t>«) ftom ths NaliowJ Cm- 
tja ImUiwe. i gnoi from Um AnMiktn Cancer Sochry. Nuioul 
ChtpMr OC.:i». and (tam rhe Mereli Compwiy and tb* Alt* 
Corporanon. 



ule.' Within three days new capillaries \u; 
trate the tumor implant, and blood flow is cm 
iLshed 

The rapidit}- with which tumor implants are »), 
to stimulate cell division in nelghborinf capil|.„ 
endothelial ceils is illustrated in the experiments . 
Wood.' Tumor cells injected irtfo the artei>- sup|i[ 
ing the ear chamber of a rabbit were observed 
they entered the capillaries, traversed the capill.tt 
wall and arrived in the extravoscular space, wh. - 
the cells formed a microicoplc tuntor nodule. H»'.> 
ever, only 18 hours after their arrival, endotheli.,' 
cell regeneration and the formation of new capill.,i 
sprouts were observed to originate In neighlmriii. 
postcapillar>- venules. Our own experiments hj». 
demonstrated the induction of DNA synthesis u 
previously resting endodiellal cells of ceplllarii- 
and venules within 2 to 3 mm df a microimplaiii .. 
less than 1 million cells.' This burst of regeneratiii. 
endothelium was observed as early a* six hours m 
ter the injection of tumor cells. Electron microKi'i* 
ical autoriidiographic sections showed Incocporuti- » 
of )H-th>-midine in endothelial cells of venules uv 
capillaries surrounding the tumor implant iN'o tuiiH.i 
cells were present in any fleld, nor were thi-r. 
inflanimator}- cells. .Many sections were taken frm. 
iUeos at least 3 mm from any tumor cell. This mpi-: 
stimulation of endothelial regeneration is not i>l- 
served with dead tumor cells,' or in control experi- 
ments In which saline or inflammutor>' agents \>ut 
OS 0.2 per cent brmic acid) are Injected. 

New capillary sprouts are elicited, even if a tum> 
implant is enclosed in a .Milllpore fitter chuntlH-; 
Creenblalt und Shbbik'* have ^huwn that vtiiiiipr'. 
tifenttive activity fs coniiistently seen in the Iiuhi*!' 
cheek poudt itdjaceflt to tumor Implants de!<|>it- 
separation of the tumor and its stroma by a'Milli 
pore filter that prevents the passage of cfil- 
Ehrmann" saw the same phenomenon with chorio- 
carcinoma in the hamster cheek pouch. We hiit< 
demonstrated a similar elTect, using .Millipure cli.tin- 
bers implanted on the fascial expanse nf the dor-.', 
iiir sac the rot. 

Taken together, these studies suggest that 
diffusible message is released from tumor to neurl» 
endothelial cells; these cells are then switched fmiii 
a previously resting, nonregenerating state to a rji>- 
idly dividing group of regenerating cells capable •>! 
forming new capillary spraul.i that can grow itt tin 
mte of 1 mm per day. 
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'CAniXAKY Endothelial Cells Modulating 
TvMOfl Cells 

The other iid« of the equation reve*l( that tcotid 
uiiKiw we far snore dependent upon new capillan' 
■niiitf than we had previouslv, believed. In (he 
-fine of neox-MSftilarlzatlon. most solid tiinionc 
■I I (irowiiig when thev ure 2 to 3 mm in siie and 
•iiT u dormant though viable state. Thi* phenmne- 
•II can be obsen'ed in vitro with iiolated perfused 
rjanit. Tumors implanted into these orgnns grow 
'.(lidlv to a diameter of 2 to 3 mm and (hen stop 
.-■'Winy since the>- are unable to be v8.Mnilarized 
•T.Hise of artifacts unique to perfusion."-'* A siml- 
.■ situation in vivo is obser\'ed when tiny tumors 
• ■ implanted for more than one v-ear in the anterior 
..aiilier of the e>°e of a guinea pig; tliese tumors do 
: tularce be>-ond 2 to 3 mm." The tumors that 
.i>i in this dormant state have not become \-ascu- 
When the lumors are removed from the eve 
•"••r one year of this dormant existence and are 
■• •■11 implanted in the muscle of a rabbit, however, 
•|iid neovascularization is accompanied by rapid 
:r-iwih. 

Kven after a tumor has become \asc-ularized the 
■ >i>illar\- endothelium that penetrated it has an indi- 
•il influence ox'er the rate of tumor growtli. 
I iiinock"^ has shown that the probabilit>- of a 
'•utiur cell entering mitosis decreases with Increas- 
"•e distance of the cell from Its nearest capillary, 
riiiis, even after vascularization has been estab- 
''"hed, the efficiency of difiiision of nutrients and 
».t"«te$ diminlshel^ with increasing distance from 
■•.R-h capillary. For example. In the mouse mamm«r\- 
«<mor, the turnover time of the endodielial-cell 
i»pMlatlon (SO hours) lags l>ehind that of the tumor 
• '-'Ix (22 hours). Con.se(|nently, as the tumor grows, 
•'•<• lardy proiiferatiun of capillary endothelial cells 
Vmli to an increase in the inlercapillaij- distance. 
' "•liferation is diminished in tumor cells at the 
wvalest distance from a capillaiy , whit* leads to a 
■l«iteased rate of growth of the entire tumor. There- 
'"'r. Tannocki><>« has suggested that the rate of pro- 
''•■ration of endothelial cells may indirectly llm« 
■Ih- rate of tumor growth. 
^'"Mh this information we can form a wf>rlrfng 
iHithesis not only (hut endothelial cells may limit 
'"'•"f expansion but also that without neov«scvlari- 
'•'•"•n. solid tumors might become completely dor- 
•^i' •» a diameter of 2 to 3 mm. Solid tumors can 
to vifibilit}' only if the>' can xTucularize them- 
•'•^es. Therefore, the mechanism by whfch tumor 
"•irfants stinmiale neovascularization must he well 
""Ifr.nood hefori! thentp> h«.>ted u|xin interference 
' "h angiogenesis cmw be de%'ised. 
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formation of new capillaries in animals." T.\F is not 
found in normal tissues with the exception of pla- 
centa. 

To isolate TAF. tumor cells are harvested from 
the ascites or solid phase, separated from red cells, 
washed in buffer and disrupted b\' exposure to nitro- 
gen (900 lb per square inch) for 30 minuie.s, after 
which the pressure is suddenly released. The nuclei 
are separated, and the remaining cellular components 
are sedimented by cenlrifiigatlon at 260.000 x g. This 
sediment is delipidated, trypsinized and then 
purifled by gel (titration on Sephadex-C 100. Frac- 
tion II of the eluate contains angiogenesis activit>- 
(Fig. I). The biologic actlvit>- is assa.ved b> intermit- 
tent Injection of the fraction o\'er a period of 48 
hours into the dorsal air sac of a rat through a tint- 
cylindrical Miltipore Alter. Although reliable, the 
assa.v system is cumbersome and consumes large 
(luantities of TAF. The few micrograms of T.\F ob- 
tained from 1 X 10» tumor cdlx are necessar>- to 
produce a detectable reaction in one rat. We are 
now developing short-term cultures of endothelium 
that may respond to smaller concentrations of TAF 
b>- increased incorporation of 'H-thymldine. The 
isolation procedure must also l>e carried out under 
sterile conditions, because the slightest bacterial 
growth during the assay can generate products that 
cause background inflammation. 

Tbsues in the air sac- exposed to inactivated TAF 
or other nonactive biologic fluids (control fluids) 
show normal vascularity*. AAer 24^ours of exposure 
to active TAF, however, the tissue beneath the filter 
contains clusters of new capillaries. After 4$ hour* 
of exposure (he neov'ascUlarization is more Intense, 
and the histologic sections show heavy capillary- 
regeneration. The neON-ascularization is not due 
simply to vasodilatation or inflammation, since new- 
vessel growlh is present Histologic sections show 
frei|uenl mitotic figures in regenerating endothelial 




Tumor-Anciocenesii Factor (TAF) 

have isolated a facl«>r from human and imiinNi 
'"""TK (tumor-an(!i«>iienesis fivclor or [T.\F)) tlwt is 
'"'•ttenif to endritheliiir tells and stimulates rapid. 



Flgun 1, Separation on ■ Q-lOO Soptiadex Column of the 
360,000-G PeNal otter (JeiipidBlion and Trypsin Oigeatton 
(Reproduced from FoHimao el Al." with the Parmiuion ol 
the Publittief) » Elution arith Sodium Chloride. O.lS M. 
Optical Oenaity it 280 Nm vt. Elutlng Volume. 



1184 



THE NEW ENGLAND JOURNAL OF MEDICINE 



Nov. n, ,,,, 



celli that also incorporate •H-thymidine. There is 
almost no inflammatory infiltrate such as one sees in 
granulation tissue, aixl the reaction cannot be sup> 
pressed hy uterotds. By comparisnn. Inflammation 
pmduced in the air sac by injection of fofmic acid 
(0.2 per cent) through the Millipore filter shows the 
usual inflammatory cellular exudate on histologic 
sectioru. Scattered neovascularization appears late, 
wherever capillaries are actually injured or ne- 
crosed by the formic acid. However, this neovascu- 
larization and the inflammation preceding it can be 
entirely eliminated with steroids. 

TAF has not been completely characterized, but 
its molecular weight is approximately 100,000. It is 
rapidly destroyed by ribonuclease and by heating to 
5ffX:. but it Is unharmed by trypsin. TAF contains 
25 per cent ribonucleic acid associated with about 
10 per cent protein and SO per cent carbohydrate. It 
also has a lipid component that apparently reduces 
angiogenesis activity. When the lipid coat Is re- 
moved, TAF activity Is enhanced, implying that the 
lipid may act as an outer coat for the TAF mole- 
cule. 

TAF does not produce a permanent change in 
capillary endothelial cells, since withdrawal of TAF 
is followed by disappearance of newly formed oiptl- 
laries. TAF has also been found In hepatoblastoma, 
Wilms's tunnor, neuroblastoma and rhabdomyosar- 
coma (in nine children) as well as in Walker-2S6 
caicinoma (both solid and ascites), mouse melanoma 
(B16) and choriocarcinoma (kindly supplied by Dr. 
; Robert Ebrmaan, of die Deaconess Hospital, Bos- 
ton, Massachusetts). Therefore, TAF appears not to 
be species speciflc. and Its primary target it the 
endothelial cell. Human tumor TAF causes mito- 
genesis in endothelial cells of the rat, mouse and 
rabbit. 

If TAF is the mediator of tumor neovasculari- 
zation, we can then hypothesize that most solid tu- 
mors, whether they originate from a single cell 
transformed by vims or carcinogen or whether they 
begin u a metastatic implant, must exist initially as 
a small population of cells dependent upon nu- 
trients that diffuse from the extravaacular space (Fig. 
2). The pinpoint cofony eventually expands to a size 
where .timple diffusion of nutrients (and wastes) is 
insufficient. Now capillaries are elicited, and the 
tumor then enters a phase in which perfusion be- 
comes the mechanism by which nutrients arrive ar»d 
metabolic wastes are carried away. It is possible 
that TAF is responsible for this final stage. 

In terms of therapy, the most vulnerable period in 
the life of a solid tumor may be the brief interval 
before vascularization. If TAF could be blocked at 
this point, tumor growth might be arrested at a tiny 
diameter of 2 to 3 mm. since this appear* to be the 
approximate diameter beyond which a packed popu- 
lation of tumor cells cannot expand without new 
capillaries. If this theory Is correct, "anti-anglo- 




Figure t luuttratlon o( the Concept Ttiai tSotH Sotitf Tg. 
mors May Exist Early oa Tiny CeH Populallona |w 
Simple Diffusion in ttie ExtrooaHular Spaca (Funiia, 
Growth Requiraa Vaoouiarlzotlon, artd iha Tumor Then 

Maintoina Itoall by Periualon). 
Tumor-angiogeneato tactor (TAT) may ba ttie mediator oi 
naovaacularization. 



genesis" therapy, perhaps by immunization again- 1 
TAF, should provide a powerful adjunct to the con- 
trol of solid neoplasms.'* 

"ANTI-ANCtOCKNSSn" 

We have proposed the term "and-angiogenesis" in 
mean the prevention of new vessel sprouts fimm 
penetrating into an early tumor implant The term 
should not apply to the vasoconstriction or infarc- 
tion of vessels already connected to a tumor, if 4 
tumor could be held indeinltely in the nonvascular. 
ized dormant state, there are a number of theorpii- 
cal benefits. For example, it is possible that metas- 
tases will not arise from a nonvascutarized tuimir 
Recent evidence'*'" suggests that metastases diimn. 
ish when the prinury tuntor is relatively devascular- 
ized. It is also pro(>able that tiny unvascularizo! 
tumon may be Far more vulnerable to chemothemn^ 
than larger tumor masses. However, it is still n«i 
known whether the dormant state is maintained l» 
a high rate of cell loss or by a decline in mit<iti> 
rate. A tiny unvascuUrized tumor implant micl-' 
also be more susceptible to cell-mediated Immum 
logic attack than a vascularized, rapidly growmv 
tumor. Circulating antibody may be unable to reat li 
an unvascularized tumor in a* high a concentnli*"- 
because of the diffusion gradient that would esi>( 
over the distance between the nearest capillarir< 
and the tumor implant Immune lymphocytes, br 
cause of their mlpatory ability, might easily reiM l> 
the tumor implant, exposing it to the full fo*** ■•• 
cell-mediated attack without the protection of W« l 
Ing antibody, Therefore, "antl-angtogenesla'* «»> 
synergize immunotherapy. 

There ore some other interesting aspects of w 
problem that have therapeutic impUcotiOBS. W» 
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I XV qtunUfled the extent of endothelial-cell regen- 
mtkm to tenm of capiHwy detnlty for • vanoty of 
unwa luinon, and > itribng itratificatjon appcw* ** 
' one diinb'of the v«Mularity as a function of the 
idothellal-cell dependency of the parenchymal 
imor celli, diere if a hierarchy in which brain 
imon appear to be the mott dependent upon 
ndotheltal-cell proliferation, carcinomas slightly leu. 
4iconus less, and chondrosarcomas the least Cer- 
lin chondiOMrcomas reach enormous dimeflsions; 
et capillaries are sparse, and endothelial cells in 
leie capillaries are not active. If this stratification 
• rea], it is possible that "anU-angibgenesis" 
riuld be estremaly important in the therapy of 
'F.iin tumors, and carcinoma, and less effective for 
.ircoma and ineffective in chondrosarcoma. 
Furthermore, the concept of "antj-*ngiogeneiis" 
.lites the important question of how angiogenesis 
I iifonnation is transferred from malignant ceils to 
I ndolhelial cells. Finally, if blockade of angiogene- 
i> resttlu in a tiny dormant tuntor. what is the 
nechanism (rf die dormant state? Can it be ez> 
•lained entirely by accumulation of inhibitory me- 
aholites in the micro<environment of the tumor 
mdule? 

.Mthough evidence for diese proposals is sHil 
•triely indirect and fragmentary, it seems approprt- 
ttt to speculate that "anti-angiogenesis" may pro- 
vide a form of cancer therapy worthy of serious 
■'iploration. One approadi to the initiation of "anti- 
mgiogeaesis" would be die production of an anti- 
Hody against TAP; such an attempt l« under way in 

I Hjr laboratDry.' We are not unaware of die 

I lifflcuhies involved in the production of antibody 
nainst ribonucleic acid. Nevertheless, by whatever 
Jechnic "anti-angiogenesis" can be achieved, it may 

I vcome a powerful acUunct to present methods of 
•4ncer dierapy. If "anti-angiogenesis" is not possi- 
(>l«. or even if die concept is wrong, Om careful 

' "ploratioo of Its conse«|uances may reveal some- 
^ing hradamentai about the behavior of tumor cells 
Oowint in a packed population in vivo. 

DiicunMN 

Da. MiCHML Back What results have you had in 
^ing to produce antibodies against TAP? 
^ Fouiman: Several pieces of evidence suggest 
we aumot yet immunize against it First of all, 
if TAF is injected into a r^it ear chamber, in 48 
*»ttn die entire chamber begins to fill with new 
***»«1«. Thai can be done repeatedly, and the ani- 
does not appear to be immunised Secondly, if 
*^ immunizes mice with TAF itself, nodiing hap- 
tumors will grow and stimulate neovasculari- 
'-•lion. Thirdly, in a system like Uie Walker carci- 
"^nia. which grows in the rat. the animal can be 
"*»«iuBiied against the carcinoma by an Injection of 
•wd cells. One of our rtudents. Mr. Joseph Corkeiy, 
done this study. He has repeatedly immuniied 



rats so that d«e>- can accept millions of tumor cells 
and never grow a tumor. He can then take fresh 
Walker cells. Isolate die TAF IracHon, inject it and 
get beautiful vascularization. 

Da. JoMK W. .RowG: If you radiate normal endo- 
thelium, can you change the tensitivitj- of these 
cells to tumor angiogenesis? 

Da. Folkman: That is a very good experiment, but 
we have not done it There is some clinical evi- 
dence that over-radiation of the endothelial-cell 
population will prevent or delay future vasculariza- 
tion. It is interesting diat many years ai^er a tumor 
bed has been heavily radiated, a (.-hondrosarcoma 
may appear. This tumor hardly requires anv- \-ascu- 
larization. 

Da. FaANK DAvinorr: We have seen an analogous 
situUion - dtat is. the revascularization of diabetic 
retina. I wonder if you have any Information on the 
hormonal dependence of this host-vessel response 
to tumors. 

Da. FoucMAN: We do not know what factors modi- 
f)- tumor angiogenesis, except that steroids will not 
suppress it Neovascularization that occurs without 
malignant change usually appears during the repair 
process of tissue liijury. For example, in an animal 
if mild inflammation is produced with heal, no new 
vessels appear. If the intensity of the heat is in- 
creased so that there is inflammation and -minimal 
necrosis, neovascularization is observed several days 
later. If the necrosis is extensive because of intense 
heat, onset of neomcularization may be delayed for 
weeks. The same effect i-an be pniduced with low 
pH (less than 3.0) and high osmolarit>- (greater than 
1000 mOsm). I cannot guess whrt might be respon- 
sible for the rev.-uiciiturization in diabetes. 

Da. Prrta LAMacar: Is TAF found in plasma? 

Da. FotKMAK: We hiive been unable to find it in 
plasma. When TAF is added to plasma, dia angio- 
genesis activity disappears. It is possible diat our as- 
say Is not sensitive enough to detect small amounts 
of TAF, which might be present in plasma. 

Da. Cakl HiascH: It is difficult to imagine that a 
tumor would have a unique propert>- that was not at 
some time present in die host What relation do you 
think it might have to normal host vascularizatton 
(for example, during regeneration), and have you 
examined embryonic or fetal tissue? 

Da. Folkmam: Human placenta does have angio- 
genesis activity and in idwut the same fraction as we 
find it in tumor. However, we have been unable to 
isolate any angiogenesis activity from regenerating 
rat liver. I would guess that in the £011)0*0, capillary 
endothelial turnover is profeedintf at a maximal 
rate, and that this turnover h greddy reduced in die 
adult iininwi. Whether the stimulus for this turnover 
is repressed in the udult imimAl, hut reappears in 
neoplastic cells. Is open to speculation. 

Dn. AtracD Couwxac: Does (he factor have any 
effect on isolnled tumor cells? 
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Dh. Foucmax: I do not know. 
Dr. CoLOtERC: Do ynii huve iin\' (|iiuiitltutive in* 
Fonnution on the time conn<e of appeamnte of TAF 
or it!. deiJemlenty on the iiiiunlil>- of tumor? 

Dr. Folkma.v: I tuii tell you that from 5 x 1<I» 
tumor cellii. we obtain iipprriximalel>' 10 mg of 
crude tytopUsnilc TAF of which 25 i>er cent is ri- 
bonucleic acid. This is before delipidntion iind tryp- 
slnation and before Sephadex-gel purifkatian. 

Dr. Howard H. Hiatt: Have you looked at cul- 
tured cells for the factor? 

D«. FotKMA."*: We worked with the CE.M line of 
lymphoblastic leukemia obtained from Dr. Ceorxe 
Foley. We could not isolate TAF from it and huve 
used it as a negative control. With Dr. .Michael 
Oxman we looked at hamster embryo cells in ail- 
ture. We could not demonstrate any anglogenesis 
activity in these cells. Then the cells were trons- 
formed with S\'40 virus, and they were still nega- 
tive for TAF. We then injected these transformed 
cells into hamsters and obtained large, well vascu- 
larized tumors. Cells from the ttioMrs did produce 
TAF. Then, when these cells were returned to cul- 
ture, the assays were weakly positive iifler the first 
passage, but negative af^er that. These experiments 
are still in progress. 

Dr. Jonathan Glass: When you Isolate >our frac- 
tion, do you do so from the whole tumor or do you 
try to Isolate tumor cells? 

Dr. Folkman: Sdlid tumor can l)e used, but it 
must be passed through a c}'tosie\'e to obtain indi- 
vidual cells, and much effort is spent In getting rid 
of the fibrous tissue, the red c-«llr< md so forth. .Most 
of the time we u.<ie ascites tumor cells. 

Dr. Eocar Ht.vsHAW: I wonder if you would ac- 
tually find the factor in iipontaneaus human or ani- 
mal tumors? .Most of the tumors grow well ut the 
periphery, and they are somewhat anoxic in the 
middle. 

Or.' Folkma.v: When we attem(>t to isolate T.\F 
frum human tumors, we are careful to disciud the 
necrotic portions, which are usually in the center. 
To my mind, the necrotic center of a large luinnr 
was at an earlier time well va.tcularized. However, 
the enormous presisures thut build up within a large 
tumor could diminish blood flow lo the center. 

A Phvsicia.v: Have there been any attempts lo try 
this factor to help in the treatment of normal tissue? 
Does the factor convert normal tissue to tumor? 

Or. FOUUMA.V: It does not convert normal tissue to 
tumor. If one stops applying the material, the newly 
gener.iled vessels regress in three or fnur days. 
Theoretically, this material minht have a beneficial 
effect on a granulating bed in prepar.ition for u skin 
graft. 

Dr. OAVioorr: Have you any thoughts about the 
site of TAF production in the tumor cell? It might 
be made on the surface, and, If to, do you think you 
could find It by washing off all the membranes? 



Da. Foui-MA.w: We have tried to obtain TaF Ih 
repeated wuihing of intact tumor cells, but with(i„| 
success. Our best results come from breaking up ,|,|_ 
cells. .Most of luir work so far hat l»een done w jn, 
T.AF obtained from the cv toplasm. The oiituchoiidn. 
al fraction and microsomal frat4ions have al\»-4,, 
been negative. More recently. Dr. Dorothy T«»n. j,, 
our labonitorj', hju found T.\F activity in nuciv,,, 
chromatin, but we do not yet know which com|>ii. 
nent of the chromatin contains the activity. 
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